Mutations in parkin are largely associated with autosomal recessive juvenile parkinsonism. The underlying mechanism of pathogenesis in parkin-associated Parkinson's disease (PD) is thought to be due to the loss of parkin's E3 ubiquitin ligase activity. A subset of missense and nonsense point mutations in parkin that span the entire gene and represent the numerous inheritance patterns that are associated with parkinlinked PD were investigated for their E3 ligase activity, localization and their ability to bind, ubiquitinate and effect the degradation of two substrates, synphilin-1 and aminoacyl-tRNA synthetase complex cofactor, p38. Parkin mutants vary in their intracellular localization, binding to substrates and enzymatic activity, yet they are ultimately deficient in their ability to degrade substrate. These results suggest that not all parkin mutations result in loss of parkin's E3 ligase activity, but they all appear to manifest as loss-of-function mutants due to defects in solubility, aggregation, enzymatic activity or targeting proteins to the proteasome for degradation.
INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative disease affecting over 1 million people in North America alone (1, 2) . This debilitating movement disorder has an estimated prevalence of .0.1% of the population .40 years, making age the most consistent risk factor for PD (3) . Primarily a sporadic disease with an unknown etiology, PD has long been attributed to abnormal environmental factors (4 -6) . However, recent insights into the genetics of PD and the subsequent identification of several genes for monogenically inherited forms has revolutionized the field of PD research (7 -10) . Although the familial forms account for only 5 -10% of all PD cases, there are sufficient overlapping clinical and pathological features to justify studying the contribution of these rare genes to the pathogenesis of PD.
Several distinct loci have been linked with rare Mendelian forms of PD and subsequent causal mutations have been identified in alpha-synuclein, parkin, DJ-1, PINK1 and LRRK2 (11, 12) . The PARK2 locus on chromosome 6 encodes the parkin protein and is linked to autosomal recessive juvenile parkinsonism (ARJP) (13, 14) . This early-onset disease is characterized by the loss of nigral and locus coeruleus neurons with the absence of Lewy body formation and gliosis (15, 16) . Parkin-associated PD is pathologically unique because they lack Lewy bodies, suggesting a role for parkin in the formation of these proteinaceous inclusions.
Parkin functions as an E2-dependent E3 ubiquitin ligase in the ubiquitin -proteasome degradation pathway (17 -19) . Several substrates for parkin have been identified so farthe synaptic vesicle-associated CDCrel-1 and CDCrel-2; the a-synuclein-interacting protein, synphilin-1; parkin-associated endothelin-like receptor (Pael-R); synaptotagmin XI; a-/btubulin; cyclin E; the p38 subunit of aminoacyl-tRNA synthetase and the dopamine transporter (DAT)-but their relevance in the pathogenesis of parkin-linked PD is yet to be fully appreciated (17,20 -33) . However, the p38 subunit of aminoacyl-tRNA synthetase appears to be an authentic parkin # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org substrate as it is upregulated in the ventral midbrain/hindbrain of both young and old parkin null mice and patients with ARJP and idiopathic PD and diffuse Lewy body disease (34) . Moreover, adenovirus-mediated overexpression of p38 in the substantia nigra in mice leads to loss of dopaminergic neurons (34) . A protective role for parkin against toxicity induced by ceramide, kainate, Pael-R-induced ER stress, overexpression of a-synuclein alone and in the presence of synphilin-1 has also been described (22,25,35 -38) . Parkin may also function as part of larger complexes such as the Skp1-Cullin-F-box protein complex, with chaperones such as CHIP and Hsp70, the bcl-2-associated anthogene 5 (BAG5) complex and CASK in the post-synaptic complex (22, 25, 39, 40) . Association with BAG5 and two distinct posttranslational modifications on parkin, S-nitrosylation and phosphorylation, have been shown to negatively regulate both its E3 ubiquitin ligase activity and its protective function in the cell (37, 41, 42) .
Originally identified in consanguineous Japanese families, mutations in parkin have since been identified across varied ethnicities and constitute 50% of familial early-onset recessive PD cases (43) . Although the majority of parkin-linked PD is early-onset and inherited in an autosomal recessive manner, there is marked variation in the age of onset and inheritance patterns, including a potential role for heterozygous parkin mutations as susceptibility alleles in late-onset PD (44) . A diverse range of mutations in parkin, including missense mutations, truncations, exon deletions, exon multiplications and frameshifts, have been described (45) . Although mutations are observed along the entire length of the parkin gene, there is some evidence for mutational hot spots and founder mutations for the more frequently observed mutations (46) .
The association of parkin mutations with recessive forms of familial PD led to the hypothesis that these loss-of-function mutations result in an obliteration of parkin's enzymatic function, a significant accumulation of cytotoxic parkin substrate(s), and the subsequent onset of disease. However, parkin mutants have been shown to retain or have only partially disrupted ubiquitination activity, suggesting that these mutations may not result in a complete loss of enzymatic activity (19, 20, 21, 47) . This observation prompted us to further investigate the enzymatic activity of parkin mutants and also search for alternative mechanisms by which a subset of point mutations and truncations may contribute to parkin's loss-of-function. Here, we report that not all the selected mutants result in complete obliteration of enzymatic activity. Some of the familial-associated parkin mutants have increased ubiquitination activity compared with wild-type. In addition, some parkin mutants have altered distribution and solubility in the cell. Investigating the effect of these mutants on binding, ubiquitination and degradation of two characterized substrates, synphilin-1 and the p38 subunit of aminoacyltRNA synthetase, suggest that all the mutations, through alternative mechanisms including defective ubiquitination and altered solubility, ultimately results in the improper degradation of substrates by the proteasome and their subsequent accumulation in the cell. Thus, each mutant may be defective in one or more aspects of the ubiquitination process or is abnormally localized, resulting in an apparent loss-of-function of the parkin protein.
RESULTS
Twelve point mutations in parkin were analyzed to determine common and relevant abnormalities compared with wild-type protein (Fig. 1) . The 12 selected mutations are distributed across the various domains of parkin and cover a wide spectrum of reported inheritance patterns, ensuring reasonable representation of the over 70 known point mutations ( Table 1 ). The parkin protein has an N-terminal ubiquitin-like domain, an SH2-like linker and a C-terminal RING TRIAD domain, containing two RING domains separated by an in-between-RING (IBR) domain. One mutation each in the ubiquitin-like domain (R42P), SH2-like linker domain (K161 N), IBR domain (G328E) and the domain between IBR and RING 2 (T415 N) was selected for the analysis. The RING domains are critical for parkin's E3 ligase activity by mediating ubiquitin transfer between the E2 conjugating enzymes and the substrate (48) . Three point mutations in each RING domain were chosen for the study: T240R, R256C and R275W in RING 1 and G430D, C431F and P437L in RING 2. We also included two truncations: W453X, which excludes the last 12 amino acids comprising a PDZ domain, and Q311X, which includes the first RING finger domain, but excludes the IBR domain, second RING finger domain and the PDZ domain.
Some PD-linked parkin mutations lead to an altered solubility in cells Parkin mutants were compared with wild-type parkin for their ability to be sequentially extracted by two commonly used detergents, Triton X-100 and sodium dodecyl sulfate (SDS), respectively, based on previous studies showing parkin mutants' differential extractability due to altered localization (49) . Wild-type parkin protein is observed in both the Triton X-soluble and Triton X-insoluble fractions ( Fig. 2A) . A number of mutant proteins have extraction profiles similar to wild-type, such as R42P, K161 N, T240R, G328E, T415 N 
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and P437L, whereas two mutants, G430D and C431F, have lower extractability in the Triton X-100 fraction when compared with wild-type protein ( Fig. 2A ). Two proteins with point mutations, R256C and R275W, and the two truncated proteins, Q311X and W453X, are absent in the Triton X-100 fraction but produce immunoreactive bands on a western blot of the Triton X-insoluble cell lysates ( Fig. 2A ). These observations suggest that some point mutations in parkin may result in altered localization in the cell, rendering them resistant to extraction by Triton X-100, and thus affect their ability to function normally. In light of this finding, all subsequent experiments, unless otherwise stated, were performed using cells lysed in 1% SDS buffer.
Parkin mutants with altered extraction properties tend to form intracellular aggregates
The differential extractability of the parkin mutants prompted us to study the intracellular distribution of these mutant parkin proteins. Myc-tagged wild-type and mutant parkin constructs were transfected into SH-SY5Y cells and prepared for examination under a confocal microscope. Wild-type parkin was found homogeneously expressed in the cytoplasm of SH-SY5Y neuroblastoma cells with occasional parkin-positive aggregates that were observed in at most an average of 10% of the total population of transfected cells ( Fig. 2B and C) . The majority of the mutants that were easily extracted by Triton X-100, i.e. K161 N, T240R, G328E, T415 N, G430D and P437L, showed a similar intracellular localization to wildtype parkin (Fig. 2B) . In contrast, a significant number of cells transfected with mutants that were predominantly observed in the Triton X-insoluble fraction (R256C, R275W, Q311X, C431F, W453X) consistently had intracellular aggregates that were parkin-positive ( Fig. 2B and C) . However, one mutant, R42P, which is easily extracted by both Triton X-100 and SDS, showed statistically significant propensity to form parkin-positive aggregates ( Fig. 2B and C) . Thus, almost all the mutants that are largely extracted in the Triton X-insoluble fraction are observed to have an increased propensity to be confined in intracellular aggregates.
Parkin mutants show differential auto-ubiquitination
Parkin self-ubiquitination has been established as a reliable method to study parkin's enzymatic function as parkin is capable of auto-ubiquitination (18, 25, 37) . To study whether familial-linked parkin mutations affect self-ubiquitination activity, immunoprecipitation experiments were performed in SH-SY5Y cells with myc-tagged wild-type and mutant parkin constructs co-transfected with HA-tagged ubiquitin. A myc IP of the parkin protein followed by immunoblotting with anti-HA shows the level of ubiquitin modification on each mutant compared withwild-type (Fig. 3 ). Some mutations show reduced ubiquitin modification as a function of their abolished activity (K161N, T240R, Q311X, T415N, P437L), whereas others retain their ability to auto-ubiquitinate (R42P, R256C, R275W, G328E, G430D, C431F, W453X). The reduced ubiquitination for some mutants could indicate either a very high turnover of the protein or an impaired enzymatic activity. Performing the experiment in the presence of a proteasome inhibitor did not alter the ubiquitination profile of these mutants (data not shown), thus supporting the latter theory. The abundance of high molecular weight ubiquitinated species observed with some mutants could indicate either a gain-of-function mutation, which results in an increased enzymatic activity, or an impaired targeting to the proteasome The 12 pathogenic point mutations result in amino acid substitutions in the protein and span the various domains of parkin. The range of inheritance patterns that are associated with each of the selected mutants is indicated. and therefore accumulation of the ubiquitinated protein.
To account for the potential mechanisms by which the parkin mutants with increased ubiquitination activity show a loss-of-function phenotype, we studied the relative ability of the selected mutants to bind and ubiquitinate substrate(s).
Parkin mutants have altered binding to substrates
Parkin catalyzes its own ubiquitination and that of several substrates, including synphilin-1 and the p38 subunit of aminoacyl-tRNA synthetase complex (20, 21) . Further, parkin has been shown to have dual function as a ubiquitin ligase, mediating both proteasome-dependent as well as proteasome-independent ubiquitination of substrates via lysine 48-linked and lysine 63-linked polyubiquitin chains, respectively (50, 51) . Although parkin-mediated ubiquitination of p38 promotes its degradation, parkin predominantly ubiquitinates synphilin-1 via lysine 63; however, proteasomemediated degradation of synphilin-1 can be achieved by high parkin to synphilin-1 ratios in vivo (21, 51) . Because parkin may ubiquitinate these two substrates via two potentially different pathways, both the binding and the ubiquitination of p38 and synphilin-1 by the selected mutants were investigated. Myc-tagged parkin wild-type and mutant constructs were transfected into SH-SY5Y cells along with HA-tagged p38 for co-immunoprecipitation experiments to study the relative binding abilities of the selected parkin mutants to p38. Because non-covalent interactions, as is typical for interactions between E3 ligases and their substrates, may be easily disrupted by harsh detergent conditions, the cells were lysed in 1% Triton buffer. To account for the differential solubilities, the lysates were immunoprecipitated with equivalent amounts of anti-myc antibody to ensure that similar amounts of mutant and wild-type parkin were assayed in the experiment. Probing the immunoprecipitated samples with anti-HA on a western blot revealed that the majority of the mutants have a reduced capacity to bind substrate relative to wild-type parkin (Fig. 4A) . Point mutations in either RING finger domain almost completely abolish binding (T240R, R256C, R275W in RING finger 1 and G430D, C431F, P437L in RING finger 2), whereas mutations in non-RING domains maintain a reduced binding ability (R42P, K161N, G328E and T415N) (Fig. 4A) . The two truncation mutants, Q311X and W453X, have an increased propensity to bind p38 when compared with wild-type parkin, suggesting a role for the PDZ domain, localized to the last 12 amino acids of parkin, in substrate binding and release (Fig. 4A) .
Similar experiments with myc-tagged parkin wild-type and mutant constructs and HA-tagged synphilin-1 were done to study any variation in the binding pattern observed with p38. The second RING finger domain, and not the first RING domain, is crucial for synphilin-1 binding to parkin (Fig. 4B) . The point mutations in RING finger 2 (G430D, C431F, P437L) have highly reduced abilities to bind synphilin-1, as do mutations in non-RING domains, such as K161N, G328E and T415N (Fig. 4B) . Several point mutants (R42P, R256C, R275W) and the two truncations (Q311X, W453X) promote binding to synphilin-1 (Fig. 4B) . These results suggest that while some mutations in parkin may be unable to release substrates effectively, perhaps due to disrupted binding to adapter proteins required in the ubiquitination process, other mutations may affect the ability of substrate to associate with parkin, thus resulting in a disrupted function.
To further analyze the results observed in the coimmunoprecipitation experiments, we studied the intracellular localization of p38 and synphilin-1 in the presence of wildtype and mutant parkin. Immunocytochemistry using a subset of the selected mutants and p38 revealed that the parkin mutants that show an increased tendency to form intracellular aggregates (R42P, R275W, Q311X, C431F, and W453X) sequester p38 into these aggresome-like structures (Fig. 4C) . In contrast, synphilin-1 does not co-localize with the aggregates formed by parkin mutants (Fig. 4D) .
Mutations in parkin differentially disrupt the ubiquitination of substrates
To study the ability of these selected parkin mutants to ubiquitinate substrate, SH-SY5Y cells were transfected with Human
myc-tagged parkin wild-type and mutant constructs, along with FLAG-tagged p38 and HA-tagged ubiquitin. Cell lysates were immunoprecipitated with an antibody against FLAG and probed with an antibody to HA on a western blot to study the level of ubiquitination on the FLAG-tagged substrate in the presence of wild-type and mutant parkin. The presence of increased anti-HA immunoreactivity on the immunoprecipitated p38 in the presence of wild-type parkin confirmed that p38 is a substrate of parkin (Fig. 5A ). Reduced ubiquitin modification on p38 is observed in the presence of mutants that also have reduced auto-ubiquitination, T240R, Q311X, T415N and P437L, confirming that these mutants have diminished enzymatic activity (Figs 3 and 5A ). All other mutants show a spectrum of similar or increased ubiquitin modification on p38, with the highest immunoreactivity seen in the presence of R275W (Fig. 5A) . Analogous experiments were done to examine the effect of familial-linked parkin mutations on the ubiquitination of synphilin-1. FLAG-tagged synphilin-1 was co-transfected with HA-ubiquitin and myc-tagged wild-type and mutant parkin, and immunoprecipitated FLAG-synphilin-1 was analyzed for ubiquitin-positive smear on a western blot. Substantial ubiquitination of synphilin-1 observed in the presence of wild-type parkin confirms that synphilin-1 is a parkin substrate (Fig. 5B) . Most mutations impaired parkin-mediated ubiquitination on synphilin-1 compared with wild-type, whereas R42P and R275W exhibit enhanced ubiquitination of synphilin-1 (Fig. 5B) .
Parkin mutants are unable to degrade substrates
Parkin mutants differentially bind and ubiquitinate substrates, but are they still able to effectively target them for degradation via the 26S proteasome? The degradation of p38 and synphilin-1 in the presence of wild-type parkin is proteasomedependent, as the reduction is blocked by co-incubation with proteasome inhibitors (data not shown). To determine whether substrates are degraded in the presence of the selected parkin mutants, stable SH-SY5Y cell lines expressing HA-tagged p38 or FLAG-tagged synphilin-1 were transfected with myc-tagged parkin wild-type and mutant constructs. Cell lysates were probed on a western blot to assess the steady state levels of p38 or synphilin-1. The bands were quantified using a densitometer, and substrate levels were normalized to actin loading controls and graphed to examine the relative ability of each mutant to degrade substrate.
In the presence of wild-type parkin, the steady state level of p38 is significantly decreased by 50% compared with the control validating that p38 is indeed degraded by parkin ( Fig. 6A and B) . Interestingly, none of the parkin mutants was able to reduce the steady state levels of p38 with comparable efficiency to wild-type parkin ( Fig. 6A and B) . Although parkin does not primarily ubiquitinate synphilin-1 at lysine-48, an increased parkin to synphilin-1 ratio can induce ubiquitin-mediated degradation of synphilin-1 by parkin (51). Our results corroborate this observation because addition of wildtype parkin significantly reduces the amount of synphilin-1 in cell lysate by 50% compared with the bgal control ( Fig. 6C and D) . Further, similar to p38, efficient degradation of synphilin-1 was not observed in the presence of the parkin mutants, suggesting that these mutants are defective in their ability to degrade synphilin-1 as well ( Fig. 6C and D) .
Cycloheximide-chase experiments performed in the stable cell lines show gradually decreasing levels of substrate with wild-type, but not mutant parkin, confirming that the observed steady state levels of p38 and synphilin-1 are due to degradation, and not altered protein synthesis (data not shown).
DISCUSSION
Pathogenic mutations in parkin occur as either homozygous or compound heterozygous mutations that mostly result in the onset of a recessive form of juvenile parkinsonism, although a wide variety of inheritance patterns have been reported (52) . The remarkable diversity and number of mutation types that have been discovered in parkin-associated PD patients prompted the search for shared dysfunction of the mutant parkin proteins in the disease process. Most biochemical analyses of parkin have led to the identification of substrates and interactors; only a handful of studies have analyzed the functional consequences of mutations in parkin (47,49,51 -55) . This study is an extensive biochemical characterization of a representative subset of point mutations in parkin to gain further insight into the mechanism by which mutations in parkin result in disease. Parkin mutants have differential solubility properties in transfected cells assayed by their extractability using two detergents of varying strengths. Our data confirm and extend recently published data on the altered solubility of parkin mutants (55) . Wild-type parkin and some mutants become detergent-insoluble and form intracellular aggresome-like structures, primarily under stress conditions of proteasome inhibition and oxidative stress (40, 53, 56, 57) . Consistent with the findings of Wang et al. (55) , under basal conditions, mutants that were extracted easily by SDS, but not by Triton X-100, had a higher propensity to be sequestered in aggresome-like structures. Thus, some point mutations may cause parkin to be compartmentalized away from its normal cytoplasmic distribution and site of enzymatic activity, leading to an apparent loss-of-function. This phenomenon can be explained for the two nonsense mutants, Q311X and W453X, because the truncations may adopt abnormal conformations that interfere with their normal functioning. In fact, unlike wild-type parkin, Q311X and W453X have been shown to spontaneously misfold and aggregate, which impairs their association with cellular membranes and high Figure 6 . Degradation of p38 and synphilin by parkin mutants. Stable cell lines expressing HA-tagged p38 (A) or FLAG-tagged synphilin-1 (C) were transiently transfected with bgal, myc-tagged wild-type or mutant parkin. The relative amount of substrate in the cell lysate was assessed by western blotting using anti-HA (A) or anti-FLAG (C) antibody. The blot was stripped and reprobed for exogenously expressed parkin (anti-myc) and a loading control, actin (anti-actin). Densitometric analysis of three independent experiments is represented as a bar graph showing the amount of p38 (B) or synphilin-1 (D) as a function of integrated density value in the presence of each mutant. The error bars indicate +SEM and any statistical significance using ANOVA is indicated ( Ã P , 0.05, ÃÃ P , 0.001).
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Human Molecular Genetics, 2005, Vol. 14, No. 17 molecular weight complexes (53, 55) . Both Q311X and W453X show an increased affinity for both substrates, p38 and synphilin-1, which could be attributed to disrupted conformations and binding to other, yet unknown, factors that may play a role in substrate release from the E3 ligase. Moreover, structural analysis of the C-terminal RING domain in the RING -IBR -RING motif of parkin suggests that deletion of the PDZ-containing C-terminal amino acid residues in W453X could potentially disrupt the integrity of the second RING finger domain (58) . Thus, although the mutant could still be enzymatically active, it may be unable to bind factors that are required to successfully complete the ubiquitination process.
It is more challenging to account for the poor solubility and inclusion formation of the missense mutations, R42P, R256C, R275W and C431F; however, these point mutations occur in domains that are critical to parkin's enzymatic activity, the UBL domain and RING finger domains, and therefore may be more prone to misfolding and aggregation. Further, contrary to what is hypothesized, most of these mutants are observed to have increased auto-ubiquitination activity when compared with wild-type parkin, indicating that the point Figure 6 . Continued.
Human Molecular
mutations may not necessarily abolish (or diminish) parkin's ability to catalyze the addition of ubiquitin molecules. NMR studies suggest that the UBL domain of parkin binds the Rpn10 subunit of the proteasome (59) . The R42P mutation has been shown to cause a conformational change in the Rpn10-binding site of the UBL domain in an NMR study, potentially disrupting binding to the proteasome (59) . This impaired targeting to the proteasome could potentially explain the accumulation of high molecular weight ubiquitin-positive bands seen with the R42P mutant that are subsequently shuttled into aggresome-like compartmentalized structures in the cell. This finding is in contrast to published data suggesting decreased stability and enhanced degradation of N-terminal parkin mutants, including R42P, compared with wild-type parkin (53) . It is conceivable that the use of an N-terminal myc-tag on the R42P mutant used in our study may mask the instability effect caused by this N-terminal mutation. The R256C and R275W mutations have been identified in families with homozygous and compound heterozygous inheritance, with a potential role as susceptibility mutations in late-onset PD (60 -62) . One patient, with a compound heterozygous mutation in the parkin gene (deletion of 40 bp in exon 3 and R275W), was observed to have Lewy body pathology, suggesting a unique effect caused by the R275W mutation that may be absent with other mutations (63) . Patients carrying the missense R275W mutation tended to have an earlier age of onset and increased severity of diseases compared with patients with two truncating mutations, implicating a dominant negative effect (64) . The identification of single heterozygous mutations in parkin may be attributed to the limitations of techniques available for screening genes as large and complex as parkin. However, if there is no second mutation in these patients, the single mutation may be dominant negative or may result in haploinsufficiency, which when coupled with nitrosative modifications that further repress activity, manifests disease comparable to loss-of-function mutations (37, 52) . A potential explanation for the dysfunction of aggregation-prone parkin missense mutants is based on the impairment of the ubiquitin -proteasome system by protein aggregation, either by exhausting one or more factors, such as chaperones, required for normal function or by 'clogging up' the proteasome (65) . Thus, the observed mutant parkininduced aggregation in cells with even a heterozygous mutation could eventually result in severe proteasomal dysfunction, which may be selectively toxic to dopaminergic neurons (35, 66) . A recent study suggests that BAG5 levels increase after dopaminergic injury, leading to loss of parkin's E3 ligase activity as well as Hsp70-mediated chaperone activity, while enhancing the sequestration of parkin into aggregates and susceptibility of dopaminergic neurons to death (40) . It remains to be seen whether parkin's interaction with BAG5 and Hsp70 has a role in the increased propensity of some mutants to be included in protein aggregates and thus affect dopaminergic cell death. The lack of correlation between the levels of autoubiquitination of the mutants and their abilities to ubiquitinate substrate may be attributed to the different linkages that parkin can catalyze. Although it has been established that parkin primarily catalyzes a non-classical lysine-63-linked polyubiquitin chain on synphilin-1, it remains to be seen what type of linkage parkin catalyzes on itself and on p38, although it is clear that parkin is involved in the degradation of p38. Because the various types of ubiquitin linkages result in distinctly different signals, it is not inconceivable to suppose that they require discrete machinery in the cell and therefore may be disrupted differentially by the mutants. A subset of the selected mutants (K161N, T240R, Q311X, T415N and P437L) can be confirmed 'ligase dead' because of their consistent inability to catalyze ubiquitination of self and the chosen substrates. In contrast, mutants that retain their ability to auto-ubiquitinate but not so much the ability to ubiquitinate substrate (R256C, G328E, G430D, C431F and W453X) are largely defective in binding to substrate. Ultimately, in spite of variable binding and ubiquitination properties, all the parkin mutants are unable to effect efficient degradation of substrate(s), leading to an abnormal accumulation that may be toxic to the cell. Overexpression of p38 in cells has been shown to be cytotoxic, and protection from this toxicity is mediated by parkin (21, 34) . Along with a-synuclein, synphilin-1 has been shown to exert significant cell toxicity, whereas aggresomes formed with both a-synuclein and synphilin-1 are cytoprotective (37, 67) . However, the absence of synphilin-1 in the mutant parkininduced protein aggregates suggests that in the absence of a-synuclein, these do not represent the sites of synphilin-1 aggregation.
Some parkin mutations (K161N, T240R, T415N and P437L) are 'model' loss-of-function mutations in that they almost completely abolish binding and ubiquitination activity of parkin. These mutants are similar to wild-type in their extractability and inclusion-forming properties. Two mutants, T240R and T415N, have been shown to impair self-degradation (18) . The accumulation of substrates in the presence of these mutants, similar to control, can be straightforwardly ascribed to their diminished E3 ubiquitin ligase activity coupled with the poor binding to substrate.
The mutations described in this study can be classified into one or more of three categories of mechanisms by which they result in loss-of-function mutations (Fig. 7) . One class of mutations has modified physical properties, causing them to be sequestered into aggresome-like structures in the cell and away from their site of normal function. A second group of mutations show an abundance of high molecular weight ubiquitin-positive species, suggesting that they may have increased enzymatic activity than wild-type, or are inefficiently targeted to the proteasome. In the event of proteolytic stress, i.e. an overload of the ubiquitin -proteasome system, these mutants may be forced into aggregates (68) . The final set of mutations causes significantly reduced or abolished enzymatic activity and binding that is typical of loss-of-function mutations. The three mechanisms converge into a common outcome, the accumulation of substrate due to impaired degradation by 26S proteasome.
In summary, we show that parkin mutants vary considerably in their biochemical properties, such as extractability, intracellular localization, binding to substrate and enzymatic activity, yet they are all associated with a similar end point ( Table 2 ). All the mutants selected in this study were consistently unable to reduce the steady state levels of two substrates,
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Human Molecular Genetics, 2005, Vol. 14, No. 17 p38 subunit of aminoacyl-tRNA synthetase and synphilin-1, suggesting that they are deficient in their ability to degrade substrates. These results indicate that not all mutations in parkin result in loss of enzymatic function, but they may manifest as loss-of-function mutations and cause recessive disease because of a defect in one or more steps of the ubiquitination -degradation process.
MATERIALS AND METHODS

Generation of plasmids
Full-length parkin cDNA was cloned into pRK5-myc vector between Sal I and Not I sites. The parkin mutants pRK5-myc-parkinArg42Pro, pRK5-myc-parkinLys161Asn, pRK5-myc-parkinThr240Arg, pRK5-myc-parkinArg256Cys, pRK5-myc-parkinArg275Trp, pRK5-myc-parkinGln311Stop, pRK5-myc-parkinGly328Glu, pRK5-myc-parkinThr415Asn, pRK5-myc-parkinGly430Asp, pRK5-myc-parkinCys431Phe, pRK5-myc-parkinPro437Leu and pRK5-myc-parkinTrp453-Stop were generated by PCR-mediated site-directed mutagenesis. Full-length cDNA of ubiquitin was cloned into pRK5-HA vector between Sal I and Not I sites, whereas the cDNAs of synphilin-1 and p38 subunit of aminoacyl-tRNA synthetase were cloned into pRK5-HA vectors as well as pCMV-FLAG vectors between Sal I and Not I sites. The integrity of the plasmids was confirmed by sequencing and expression on western blots.
Cell culture and transfection
SH-SY5Y cells were grown in DMEM containing 10% FBS in a 5% CO 2 atmosphere at 378C. Cells were transiently transfected with the target vector(s) using LipofectAMINE PLUS reagents according to the manufacturers' instructions (Invitrogen). To prepare stable transformed cells, SH-SY5Y cells were transfected with pCDNA3-HA-p38 and pCMV-flag-synphilin-1. Cells were selected post-transfection using 700 mg/ml geneticin (Invitrogen). Individual clones were isolated and characterized to confirm expression on a western blot. Figure 7 . Schematic representing the classification of three main mechanisms by which mutations in parkin result in a loss-of-function of the parkin protein and potentially disrupt the cellular homeostasis, leading to cell toxicity. Some mutations result in an altered solubility and localization, sequestering them away from normal site of action, whereas other mutations could result in the improper targeting of self to the proteasome and be cleared from the cytosol into insoluble aggregates. Some mutations result in increased enzymatic activity, suggesting that the gain-of-function mutation results in the disruption of normal parkin function. Finally, the third category of mutations causes reduced or abolished E3 ligase activity. All the mutations in parkin, albeit through distinctly different mechanisms, are unable to efficiently degrade substrate.
Co-immunoprecipitation
SH-SY5Y cells were transfected with 1-2 mg of each plasmid. After 36 h, cells were washed with cold 1Â PBS and harvested in immunoprecipitation buffer [(1% Triton X-100 or 1% SDS, 2 mg/ml aprotinin, 1 mg/ml leupeptin, 100 mg/ml PMSF in Tris-buffered saline (TBS)]. The lysate was then rotated at 48C for 1 h followed by centrifugation at 16 000g for 15 min (soluble fraction) or sonicated at 48C (insoluble fraction). The supernatants were then combined with 50 ml Protein G -Sepharose (Amersham) pre-incubated with antibodies against FLAG or myc (Roche), followed by rotation at 48C for 2 h. The Protein G -Sepharose was pelleted and washed three times using immoprecipitation buffer, followed by three washes with 50 mM NaCl in TBS and three washes with 1Â TBS. The precipitates were resolved on SDS -PAGE gel and subjected to western blot analysis. Bands were visualized with chemiluminescence (Pierce, IL, USA).
Immunocytochemistry and confocal microscopy
About 5 Â 10 4 SH-SY5Y cells were seeded onto polylysinecoated sterile glass cover slips in a 24-well culture plate a day prior to transfection. After attachment, cells were transfected as described earlier with 0.25 mg of the appropriate constructs. Two days later, cells were washed once with PBS and fixed in 3% paraformaldehyde (w/v) for 20 min. The fixed cells were washed three times with PBS before permeabilization in 0.2% (v/v) Triton X-100 in PBS for 5 min. Blocking was then carried out with 5% goat serum in PBS for 1 h. This was followed by incubation in primary antibodies for 1 h at 258C and secondary antibodies for another hour at 258C. Immunofluorescent images were acquired on an Olympus confocal microscope.
Statistical analysis
Densitometric analysis of protein bands was done using Alpha Imager 2000 (Alpha Inotech, Wohlen, Switzerland). Data are expressed as mean + SEM. The results were subjected to the ANOVA test and statistical significance was determined.
